Abstract-A magnetically suspended permanent-magnet motor (MSPMM) system mainly consists of magnetic bearings (MBs), a motor and a rotor assembly. This paper focuses on the system analysis of an MSPMM used for a vacuum turbo-molecular pump (TMP). To ensure a normal levitation and rotation, characteristics of electromagnetic field of MBs and motor are studied. For MSPMM, loss is the main heat source. To ensure the safe and steady operation of MSPMM, loss of the MB and motor are calculated and analyzed by finite element method (FEM). For thermal aspects, temperature field is estimated. Based on these analyses, the system performance can be predictive. Considering the poor heat dissipation conditions in a vacuum environment, this system analysis including loss and temperature field is of great value for MSPMM design.
INTRODUCTION
Brushless DC Motors (BLDCMs) have advantages of good linearity of mechanical and adjusting performance, wide adjusting speed range, long service life, convenient maintenance, low noise, and no problems caused by the brushes. So BLDCMs have great application potential in control systems [1, 2] . Magnetic bearings have numerous advantages over mechanical bearings, such as no friction, no abrasions, no lubrication, no maintenance, high speed, and high precision [3] [4] [5] . Therefore, high-speed electrical machines supported by magnetic bearings have been widely applied in industry, such as reaction wheels, control momentum gyros, energy storage flywheels, momentum wheels,high reliability compressors, and molecular vacuum pumps [6] [7] [8] [9] .
The magnetic suspension motor system mainly consists of magnetic bearings, a motor and a rotor assembly. For each separate unit, a lot of works have been done. Magnetic bearings including passive MBs [10] , active MBs [11] and Hybrid MBs [12] [13] [14] are studied. Both structure design and control of electrical machines are researched by many scholars [15] [16] [17] [18] [19] [20] [21] . FEM is known as a valuable tool for solving various electromagnetic problems in electrical machines systems [22, 23] . In [24] , a comprehensive definition of analytical scaling laws for PM machines was derived based on rewinding, axial scaling. Specialized motor design packages were used to verify the correctness of the derived expressions. In [25] , an accurate dynamic electromagnetic model and a 2D FEM model were developed based on Tellinen hysteresis model for an asymmetric three-phase transformer. In [26] , the authors presented an effective approach for calculating critical speeds of high-speed permanent magnet motor rotor-shaft assemblies. The mode analysis of the first FEM model was developed for the single shaft using software Ansys. In [27] , electromagnetic characteristics combined magnetic bearing without thrust disk was analyzed by software Ansoft. However, less literature took the MBs and motor as a system to consider in MSPMM.
Therefore, in order to realize accurate analysis and research of MSPMM system performance, we need to consider integrated analysis. In this paper, analysis object and platform is briefly introduced firstly. Secondly, electromagnetic characteristics of MSPMM are analyzed by modeling and simulation. Thirdly, system loss of MSPMM is calculated by FEM. Fourthly, temperature fields are predicted with FEM by using the system loss as the main heat source. Finally, relative conclusion is given.
STRUCTURE
The object analyzed in this paper is magnetically suspended permanent-magnet electrical machines applied in a vacuum TMP. Working principle of a vacuum TMP can be simply described as momentum transfer. Rotor blades hit gas molecules, which have a high probability of being preferentially transferred to the next rotor stage after passing through the following stator stage [25] .
A schematic cross section of the vacuum TMP is shown in Fig. 1(a) . The vacuum TMP consists of a rotor, a motor and magnetic bearings. The spinning rotor is driven by a high-speed BLDCM and supported by two radial magnetic bearings (RMBs) and a thrust magnetic bearing (TMB). Position sensors detect the position of rotor. For startups and shutdowns, the rotor has two backup ball bearings which have a radial protective air-gap of 0.2 mm. Fig. 1(b) shows the analysis flowchart. 
ANALYSIS OF ELECTROMAGNETIC FIELD OF MSPMM
Analysis of electromagnetic field directly affects the realization of the system function. Electromagnetic field of MB has effect on whether the rotor can be levitated normally. Electromagnetic field of motor has effect on whether the rotor rotates normally.
Electromagnetic Field of Radial MB
Due to the advantages of simple structure, easy processing and assembly, higher reliability features, radial magnetic bearing adopts a pure electromagnetic structure. The RMB system consists of two RMBs with different axial lengths. As shown in Fig. 2(a) , there are eight magnetic poles on the bearing stator, which can be grouped into four magnetic pole pairs. Two adjacent poles are wired in series. Considering that the molecular pump is small, polarity sequence of NSNSNSNS is chosen for RMB. According to Fig. 2(b) , the force expression can be obtained as The current stiffness can be calculated as
The current stiffness near central equilibrium position can be expressed as
The displacement stiffness can be calculated as
The displacement stiffness near central equilibrium position can be calculated as
The maximum force can be obtained as
In these expressions, α is the angle between magnetic pole and y direction; here, α equals 22.5 • ; A is the area of one magnetic pole; μ 0 is vacuum permeability. I bias and I con indicate the bias and control MMF in the coil respectively. g 0 is the length of air-gap.
The bias flux density and flux path distribution are shown in Figs. 3(a) and (b), respectively. From simulation results, it can be seen that the bias magnetic density is about 0.65 T. The saturation magnetic density of iron core material is 1.4 T. Bias flux density is nearly half of saturation magnetic density. The flux density and flux path distributions with maximum current applied in y+ direction coils are shown in Figs. 3(c) and (d), respectively.
Electromagnetic Field of Motor
A 3D model of motor is shown in Fig. 4 . Rotor, stator and windings of the motor are shown in Figs. 4(a), (b) and (c), respectively.
Assuming that the motor stator is completely symmetrical, the three-phase winding resistance and inductance coefficient are exactly the same; the three-phase winding counter electromotive force is trapezoidal wave, and the armature reaction of the stator winding is neglected. Va, Vb, Vc and Vn are the three-phase voltage and neutral point voltage, respectively; R and L are the three-phase armature winding resistance and inductance; Ea, Eb and Ec are the three-phase counter electromotive forces, respectively; Ia, Ib and Ic are the currents of three-phase winding, respectively. The mathematical model of three-phase BLDC motor is
During the motor running, the electromagnetic torque is
where ω is angular velocity of the rotor.
Main parameters of the motor are listed in Table 1 .
Taking the symmetrical structure of the motor into account, a quarter of motor is used for simplified model in this paper. Distribution of magnetic field in electric machine, eddy loss, iron loss and torque are simulated and calculated by FEM. The magnetic field distribution scheme of the motor with no-load is shown in Fig. 5 . 
SYSTEM LOSS ANALYSIS OF MSPMM
System loss of MSPMM consists of MB loss and motor loss. When the motor is placed horizontally, the rotor rotation has little effect on the axial magnetic bearing. The iron loss of axial magnetic bearing can be ignored. Therefore, only the loss of radial MB is calculated as the loss of MB.
Loss Analysis of Radial MB
The loss curves of stator, rotor and shaft with frequency 400 Hz, 800 Hz and 1200 Hz are shown in Figs. 6(a), (b) and (c), respectively. The loss of rotor reaches 19.58 W at 1200 Hz. From Fig. 4(d) , it can be seen with the increase of frequency, the stator loss increases significantly compared to that of the rotor and shaft losses. That is because the change of magnetic field of the rotor is caused by the high speed rotation. The change of magnetic field of stator is mainly caused by the change of control current. 
Loss Analysis of Motor
Usually, the loss of a motor can be obtained by the following expression P m = P copper + P iron + P wind (9) where P copper denotes the copper loss; P iron denotes the iron loss; P wind denotes the wind loss. Since this motor is designed for a vacuum TMP, P wind can be ignored.
Copper loss P copper is caused by the windings. P copper can be calculated as
where i is the current in the winding, and R is the resistance of the windings; The iron core loss consists of hysteresis loss and eddy-current loss [28, 29] .
where k h is the hysteresis loss coefficient; α is the Steinmetz constant; k c is the eddy-current loss coefficient; k e is anomalous eddy-current loss coefficient; f r is the operating frequency; B m is the peak flux density; V fe is the volume of iron core. Torque and loss analysis of motor are conducted by Ansoft transient simulation.
The external circuit in Simplore is shown in Fig. 7(a) . The three-phase currents provided by the external circuit is shown in Fig. 7(b) . The torque curve is shown in Fig. 7(c) . The rated torque is 0.76 Nm. Fig. 7(d) shows eddy loss curve of the rotor when motor rotates with speed rate 21000 rpm. It is calculated that the average value of eddy loss of rotor is about 19.69 W. Fig. 7(e) shows iron loss curve of the stator when motor rotates with speed rate 21000 rpm. It is calculated that the average value of iron loss of stator is about 8.77 W. From Fig. 7 , it can be seen that both the magnetic density and iron loss are in a proper range. This design not only guarantees utilization ratio of the iron core material, but also ensures a low core loss. 
ESTIMATE OF TEMPERATURE FIELD
Thermal performance parameters of materials are listed in Table 2 . The loss consumption of the whole system is analyzed. The heating components mainly consist of motor stator and rotor parts, rotor lamination and the coil part of magnetic bearing. According to the loss values obtained in the previous simulation, heat generation rates of motor assembly are listed in Table 3 . Heat generation rates of RMB are calculated in Table 4 . The main loss of TMB is copper loss. In steady state, rotation does not cause the variation of magnetic field. Windage loss can be neglected in vacuum environment. Therefore, loss of axial disk and stator can be neglected. According to the heat consumption, the heat generation rate is applied in the corresponding boundary of each heating element. The heat transfer between the internal contact parts is heat conduction. Thermal conductivities are assigned to the material properties. There is heat radiation between the internal environment and the external environment. According to the individual corresponding material, heat radiation of the material is assigned to the surface of the element. Environment temperature is set at 30 • C. Coefficient of heat convection for outer shell is the natural convection coefficient of air, set at 9.5 W/( • C · m 2 ). Thermal characteristics estimation of main components of TMP is conducted by ansys software. Fig. 8 shows temperature field distribution of TMP. The highest temperature is 69.3 • C at the motor. This is because the copper loss of stator windings is relatively large. And the position gap between the motor stator and rotor is very small, so heat cannot be dissipated in time. Fig. 8(c) shows the temperature field simulation of motor stator. The highest temperature is at the stator windings. As for motor stator, the highest temperature is about 62 • C. Fig. 8(c) shows the temperature field simulation of rotor sleeve. The highest temperature of sleeve is about 68.15 • C.
CONCLUSION
This integrated analysis is very important for mechatronics products design. In this paper, integrated system analysis of magnetically suspended permanent-magnet motor is conducted. Characteristics of electromagnetic field and losses of MBs and motor are analyzed. For thermal aspects, the analysis of temperature field is also conducted based on the loss analysis. Through the analysis, it can be seen that the temperature of the permanent magnet sleeve and the winding is the highest local temperature of motor. The temperature of MB is slightly lower than the temperature of the motor. Therefore, in the design of a magnetic levitation motor used in the vacuum pump, in order to reduce the temperature, minimizing loss is necessary in the premise of ensuring the electromagnetic performance. This integrated loss analysis and system thermal predictive in design state is valuable to guarantee the implementation of system performance.
